Ultraviolet (UV)-irradiation has been shown to induce jun N-terminal kinase activity via aggregation-mediated activation of tumor necrosis factor receptor 1 (TNFR1) but the role of TNFR1 in mediating UV-induced apoptosis has not been explored. Using p53-null cells, we demonstrate that UV-stimulated ligand independent activation of TNFR1 plays a major role in mediating the apoptotic eects of UV-irradiation. UV-irradiation and TNFa acted in a synergistic manner to induce apoptosis. UV-irradiation stimulated the aggregation-mediated activation of TNFR1 which was coupled with activation of caspase 8, the most proximal caspase in TNFa signaling pathway. CrmA and the dominant negative versions of FADD, caspase 8 and caspase 10, that block the apoptotic axis of TNFR1 at dierent levels, also independently inhibited the UV-induced apoptosis. The engagement of the membrane initiated events was speci®c for UV-irradiation since neither CrmA nor the dominant negative FADD, caspase 8 or caspase 10 blocked the ionizing radiation-induced apoptosis. Cisplatin and melphalan, the UV-mimetic agents known to elicit UVtype DNA damage, also induced apoptosis but diered from UV in that both of the former agents engaged the caspase cascade at a level distal to FADD. Consistent with these ®ndings cisplatin also did not stimulate TNFR1 aggregation. Together these results indicate that DNA damage per se was not sucient to activate the membrane TNFR1. Based on our results we propose that the plasma membrane initiated events play a predominant role in mediating UV-irradiation-induced apoptosis and that UV-irradiation appears to engage the apoptotic axis of TNFR1 and perhaps those of other membrane death receptors to transduce its apoptotic signals.
Introduction
TNFa mediates its pleiotropic eects by binding to its cognate cell surface receptors namely TNFR1 and TNFR2 (reviewed by Tartaglia and Goeddel, 1992) . TNFRs belong to a family of related receptors that include Fas, DR3, DR4 and DR5 (reviewed by Nagata, 1997) . These receptors contain an intracellular region of homology designated as the death domain (reviewed by Nagata, 1997) . Ligand dependent and independent activation of these receptors involve multimerization with subsequent recruitment of intracellular adaptor molecules to relay signals inside the cell (reviewed by Nagata, 1997) . TNFa dependent or independent activation of TNFRs involves complex signal transduction (reviewed by Nagata, 1997) . For instance, the stimulation of NF-kB and JNK activation is believed to occur via TNFR1 and TNFR2 while the apoptotic signals are transduced predominantly via TNFR1 (reviewed by Nagata, 1997) . The apoptotic axis of the signals originating at the TNFR1 involve direct interaction between TNFR1 and the intracellular adaptor molecules TRADD and FADD via their corresponding death domains (DD) (Hsu et al., 1995; Chinnaiyan et al. (1996a) . FADD also contains at its N-terminus, a death eector domain (DED) via which it interacts with the DED of pro-caspase 8 (also known as Mch 5 or FLICE1) (Muzio et al., 1996; Srinivasula et al., 1996) .
Caspase 8 is one of the ten known cysteine proteases that are synthesized in cytoplasm as inactive precursor molecules termed pro-caspases (reviewed by Alnemri, 1997; Salvesen and Dixit, 1997) . The proteolytic cleavage of pro-caspases into smaller subunits of *10 and *20 kDa with subsequent heterodimerization between the two subunits leads to their activation (reviewed by Alnemri, 1997; Salvesen and Dixit, 1997) . The interaction between pro-caspase 8 and FADD is the most proximal event that links the extracellular apoptotic signals to intracellular apoptotic proteases (reviewed by Alnemri, 1997; Salvesen and Dixit, 1997) . Binding of procaspase 8 and FADD results in caspase 8 activation by a mechanism that remains unclear. Activation of caspase 8 sets into motion the sequence of events responsible for further activation of the downstream caspases such as caspase 1, 3 and 6 and cleavage of various death substrates including PARP, lamins and keratins and ultimately cell death (reviewed by Alnemri, 1997; Salvesen and Dixit, 1997) . Although not extensively studied, caspase 10 is very similar to caspase 8 in its structure and activity and is believed to replace caspase 8 for most of the same functions ; reviewed by Alnemri, 1997) . Caspase 10, nevertheless, is believed to also play roles distinct from those of caspase 8 in cellular response to apoptotic stimuli.
UV-irradiation has been shown to induce apoptosis in a variety of cell types (Martin and Cotter, 1991; Schwarz et al., 1995) but the molecular mechanisms of UV-induced apoptosis remains less well understood. UV-irradiation is known to induce DNA damage that is mostly coupled with p53 activation (Brash et al., 1996; Ziegler et al., 1994 ). p53's role in apoptosis is well documented (reviewed by Bates and Vousden, 1996) and thus p53 may mediate some of the UV-irradiation-induced apoptotic eects. UV-irradiation has also been shown to induce apoptosis in p53-negative cells (Schwarz et al., 1995) which suggests that p53-independent mechanisms are also operative. It is widely held that the UV response is predominantly mediated by the intranuclear signaling cascade triggered by DNA damage (Radler-Pohl et al., 1993 and refs. therein) . However, there is evidence to suggest that some of the initial UV-mediated signals originate directly at the plasma membrane level independent of nuclear events. For example, UV-irradiation has been shown to activate NF-kB in enucleated cells (Devary et al., 1993) ; a ®nding which rules out nuclear DNA damage as a trigger in some of the UV-mediated eects. Tobin et al. (1998) , have recently reported that UV activation of Rel/NF-kB appears to occur via TNFR1. UV-induced multimerization and activation of TNFR1 has also been shown and was implicated in UV stimulation of JNK activation (Rosette and Karin, 1996) . It remains unclear, however, whether UV activation of TNFR1 occurs independent of nuclear events or occurs in response to a very rapid transfer of the nuclear signals to the plasma membrane. Regardless, the role of TNFR1 in mediating the UV-irradiation-induced apoptotic signals has not been explored. We undertook this study in an attempt to investigate the role of TNFR1 as a mediator of UV-induced apoptosis.
Results
We initially tested UV-irradiation and TNFa-induced apoptosis in several cell lines with varying p53-status including MCF-7 (p53 wt), HCT116 (p53 wt), A549 (p53 wt), HeLa (deregulated p53) and H1299 (p53-null); UV-irradiation eectively induced apoptosis in all of these cell lines. In adherent cells, TNFa-induced apoptosis generally occurs in the presence of cycloheximide (CHX); consistent with this notion, TNFa also induced apoptosis in all of these cells lines in the presence of CHX. We selected H1299 cells for further study since they exhibit p53-null phenotype and, therefore, the role of p53 in the induction of apoptosis can be excluded in these cells. Figure 1A illustrates the representative results showing the morphologic features of UV and TNFa-induced apoptosis in H1299 cells. Shown are the UV-irradiated or TNFa+CHX-treated cells exhibiting typical features of apoptosis including chromatin condensation and nuclear fragmentation.
TNFa mediates its apoptotic signals via multimerization-mediated activation of TNFR1 (reviewed by Nagata, 1997) . We next investigated whether UV exposure also results in multimerization-mediated activation of TNFR1. Figure 1B depicts the immunostaining pattern of TNFR1 in the untreated and UV or TNFa exposed cells. As is shown, the UV-irradiated or TNFa-treated cells displayed a similar TNFR1 speci®c immunostaining pattern that was clearly dierent from the diuse TNFR1 speci®c staining pattern of the untreated cells ( Figure 1B 2 ) or treated with TNFa (50 ng/ml). Fifteen minutes after UV exposure or TNFa treatment, cells were processed for indirect immuno¯uorescence staining using anti-TNFR1 antibodies as detailed in Materials and methods irradiated cells exhibited intense and clustered TNFR1 speci®c immunostaining predominantly detectable at the peripheral margins of cells (arrows Figure 1B panel  b) . This type of staining pattern has been reported to re¯ect TNFR1 aggregation or multimerization (Rosette and Karin, 1996) . The TNFR1 speci®c staining pattern of the TNFa-treated cells (arrows Figure 1B panel c) was very similar to that of UV-irradiated cells. These results demonstrate that UV-irradiation promotes TNFR1 aggregation/activation comparable to that induced by TNFa.
At lower doses neither UV nor TNFa alone induce apoptosis in these cells (Figure 2) . Interestingly, however, both in combination at lower doses were able to induce apoptosis (Figure 2 ). These results indicate the existence of a cross-talk between the UV and TNFa-induced apoptotic pathways. We next sought to investigate whether UV treatment causes the release of soluble biologically active TNFa which, acting in an autocrine manner, may promote the UVinduced TNFR1 activation and apoptosis. Immediately following UV-irradiation, cells were incubated with an increasing amount of anti-TNFa neutralizing antibody.
In the experiments serving as positive controls, media containing exogenous TNFa+CHX in the absence and presence of increasing amounts of anti-TNFa neutralizing antibody were added to cells. As shown in Figure  3 , anti-TNFa neutralizing antibody when used at a lower concentration (5 mg/ml) was sucient to completely block the apoptotic eects of exogenous TNFa while the same antibody did not block the apoptotic eects of UV-irradiation even when used at a much higher concentration (30 mg/ml). Thus the apoptotic eects of UV-irradiation are not mediated via the autocrine eects of TNFa in these cells.
The results above indicate that UV-induced TNFR1 aggregation and apoptosis appear to occur in a ligand independent manner. The apoptotic axis of the TNFR1 sequentially recruits TRADD and FADD at the receptor site to engage the most proximal caspase 8 (reviewed by Nagata, 1997) . We used several strategies to further investigate the possible involvement of TNFR1 in transducing UV-mediated death signals. First we investigated whether UV can activate caspase 8, the most proximal caspase in TNFR1 signaling pathway. The Western blot analysis ( Figure  4 ) revealed that the intensity of the pro-caspase 8 (FLICE) speci®c band was signi®cantly decreased in the UV-treated cells which is indicative of its proteolytic activation. The activation of caspase 8 Figure 2 Combination of UV and TNFa at sublethal doses induces apoptosis in H1299 cells. Cells cultured in six well plates were left untreated, exposed to UV-irradiation and/or treated with TNFa and 24 h later processed for apoptosis detection. The plotted values represent the means+s.e.m. of three independent experiments Figure 3 The eects of anti-TNFa-neutralizing antibody on the UV-irradiation and TNFa+CHX-induced apoptosis. The culture media containing TNFa+CHX in the presence and absence of neutralizing antibody was incubated for approximately 1 h before addition to cells. To determine the eect anti-TNFa-neutralizing antibody on UV-induced apoptosis, culture media containing the indicated concentrations of neutralizing antibody were added to cells at the time of UV-irradiation. The untreated cells received the culture medium without additions. Cells were incubated under indicated culture conditions for approximately 48 h and then processed for apoptosis detection as detailed in Materials and methods. The plotted values represent the means+s.e.m. of three independent experiments was accompanied by caspase 3 activation and the cleavage of the death substrate lamin B1 also only in the UV-treated cells (Figure 4) . Similar results were obtained in response to TNFa-induced apoptosis (data not shown). Interestingly, these cells exhibited very low levels of endogenous PARP. As shown in Figure 4 , the cleaved and uncleaved forms of PARP were readily detected in the untreated or VP16-treated A549 cell lysates but not in the lysates of H1299 cells when analysed on the same membrane. Together these results demonstrate that UV-induced apoptosis is coupled with activation of TNFR1 and caspase cascade.
In the next approach to further delineate the involvement of TNFR1 in mediating UV-induced apoptotic signals, we generated stable transfectants expressing the exogenous CrmA and the dominant negative versions of FADD (FADD-DN), caspase 8 (caspase 8-DN) and caspase 10 (caspase 10-DN). The dominant negative FADD (FADD-DN) lacking the N-terminal DED is unable to interact with the DED of pro-caspase 8 and has been shown to block TNFainduced apoptosis (Chinnaiyan et al. (1996a) ; Srinivasula et al., 1996) . Inhibition of caspase 8, via caspase 8-DN or cow pox viral serpin CrmA also results in the abrogation of TNFa-induced apoptosis Zhou et al., 1997) . Caspase 10 contains FADD-like DED and is believed to also interact with FADD Alnemri, 1997) . Caspase 10-DN is thought to mediate its negative eects by competing with the endogenous caspase 8 for binding to FADD Alnemri, 1997) . We reasoned that if the UV-induced apoptotic signals were mediated via TNFR1 then FADD-DN, by disrupting the communication between TNFR1 and caspase 8, should block or blunt UV-induced apoptosis. The inhibition of caspase 8 via caspase 8-DN, caspase 10-DN or CrmA should also block UVinduced cell death. To evaluate the UV-induced apoptotic eects, the stable transfectants were exposed to increasing doses of UV-irradiation in the presence or absence of a ®xed low dose (5 ng) of TNFa. At this low dose (5 ng) TNFa alone does not induce apoptosis in these cells (Figure 2) . The results plotted in Figure 6 indicate that, in the vector-transfected cells (Neo), UV-irradiationinduced apoptosis occurred as a function of dose and time following exposure to UV-irradiation. The UVinduced apoptotic eects were signi®cantly decreased in the FADD-DN, caspase 8-DN, caspase 10-DN and in CrmA transfected cells. As is also shown in Figure 6 , the UV-induced apoptotic eects were signi®cantly potentiated in the presence of a ®xed low dose (5 ng) of TNFa. The combined apoptotic eects of UV and TNFa were also signi®cantly reduced in the FADD-DN, caspase 8-DN, caspase 10-DN and CrmA transfected cells. These results, therefore, support the notion Figure 4 Representative Western blots showing the UV eects on the caspase 8, caspase 3 (CPP32), lamin B1 and PARP. H1299 cells were exposed to indicated doses of UV-irradiation, 48 h later cells were harvested and the cell lysates were subjected to SDS ± PAGE and Western blot analyses using anti-caspase 8, anti-CPP32, anti-lamin B1 and anti-PARP monoclonal antibodies. For PARP detection cell lysates prepared from VP16-treated or untreated A549 cells were included as positive controls that a major portion of UV-induced apoptotic signals appears to engage the apoptotic axis of TNFR1.
The ability of FADD-DN to blunt UV-induced apoptosis indicates that the UV-mediated apoptotic signals appear to originate proximal to caspase 8. Several studies have con®rmed that TNFR1 and Fas are the only death receptors that exhibit bona ®de interactions with FADD (reviewed by Nagata, 1997) ; whether FADD can also interact with the other death receptors remains unclear. The ability of FADD-DN to block UV and UV+TNFa-induced apoptosis implicates TNFR1 in mediating UV-induced apoptosis but does not exclude such a role for Fas in these cells. Next, we selected MCF-7 cells to assess the individual contribution of TNFR1 in transducing UV-induced apoptotic signals. MCF-7 cells are known to predominantly express TNFR1 but do not exhibit any detectable levels of Fas (Keane et al., 1996) . Accordingly, they have been found to be highly resistant to the cytotoxic eects of Fas antibody in the presence of CHX (Keane et al., 1996) . We con®rmed that indeed MCF-7 cells were very sensitive to TNFa+CHX-induced killing but were resistant to killing by Fas antibody even when subjected to very high concentration in the presence of CHX (data not shown). In the absence of functional Fas the exogenous FADD-DN would predominantly aect TNFR1 signaling in MCF-7 cells. We, therefore, also generated the stable MCF-7 transfectants expressing exogenous FADD-DN. The FADD-DN stable transfectants enabled us to assess the individual role of TNFR1 in mediating UV-induced apoptosis. As shown in Figure 7 , UV-induced apoptosis was also reduced in the FADD-DN expressing MCF-7 cells. However, the FADD-DN-conferred protection was less pronounced in p53 wild-type MCF-7 cells suggesting that the p53-activated pathways also appear to contribute to UVinduced apoptosis in MCF-7 cells. Nevertheless, the ®ndings above highlight the individual contribution of TNFR1 in mediating the apoptotic eects of UV.
From the above results it is clear that the UVinduced apoptotic signals appear to engage the caspase cascade at least in part via TNFR1. The UV activation of this plasma membrane death receptor could occur in response to a rapid transfer of intranuclear signals following UV-induced DNA damage or may take place independent of intranuclear events. We next sought to investigate this issue. We reasoned that if UV activation of TNFR1 occurs in response to a signal that originates as a consequence of damaged nuclear DNA then ionizing radiation (IR) inducing double strand breaks and/or the UV-mimetic agents inducing qualitatively UV-type DNA damage (Fan et al., 1995) should also activate the apoptotic axis of TNFR1 and FADD-DN should be able to block those eects.
First we compared the IR-induced apoptotic eects in the vector, FADD-DN, CrmA, caspase 8-DN and caspase 10-DN stable transfectants. As shown in Figure 8 (upper panel), neither CrmA nor dominant negative versions of FADD, caspase 8 or caspase 10 inhibited IR-induced apoptosis. These results clearly indicate that the IR-mediated apoptotic signals do not appear to engage the proximal caspases. Next, we assessed the apoptotic eects of UV-mimetic agents, cisplatin and melphalan in the stable transfectants. As shown in Figure 8 , cisplatin and melphalan also induced apoptosis in the vector-transfected cells and while CrmA, caspase 8-DN, caspase 10-DN partially blocked cisplatin and melphalan-induced apoptosis, FADD-DN did not. These results, therefore, demonstrate that cisplatin and melphalan also engage the caspase cascade to induce apoptosis but unlike UVirradiation, they appear to do so at a level distal to FADD. Since FADD-DN did not block IR, cisplatin and melphalan-induced apoptosis it appears unlikely that the DNA damage involving double strand breaks or single strand breaks is a trigger to activate the membrane death receptors TNFR1 and/or Fas.
Discussion
In this study we have provided evidence that plasma membrane initiated events play a predominant role in mediating UV-induced apoptosis. Several lines of evidence support the notion that UV-irradiation appears to induce apoptosis at least in part by engaging the apoptotic axis of TNFR1. For example: (i) a cross-talk appears to exist between UV and TNFa-induced apoptotic signals; (ii) UV-irradiation stimulated ligand independent TNFR1 multimerization that was coupled with activation of the caspase 8 which is the most proximal caspase in TNFa-mediated apoptotic signaling pathway. FADD-DN, known to disrupt the¯ow of apoptotic signals from the TNFR1 to proximal caspase 8, was able to signi®cantly inhibit UV-irradiation as well as TNFa-induced apoptosis. Consistent with these ®ndings the inhibition of caspase 8, the most proximal caspase in the TNFa signaling cascade, by caspase 8-DN and CrmA also signi®cantly blocked UV-induced apoptosis. Caspase 10-DN, believed to compete with endogenous caspase 8 for binding to FADD Alnemri, 1997) , also blocked UV as well as TNFa-induced apoptosis. FADD-DN did not interfere with UV-irradiation-induced TNFR1 multimerization (data not shown) indicating that the¯ow of apoptotic signals downstream of FADD was altered by the dominant negative mutant. UV has been shown to augment the release of TNFa in keratinocytes (Kock et al., 1990) . But our results with anti-TNFa neutralizing antibodies indicate that UV did no induce apoptosis by increasing TNFa release in H1299 cells.
As has recently been reported by Rosette and Karin (1996) , UV-irradiation can also stimulate the multimerization-mediated ligand independent activation of EGFR and IL-1. These authors proposed that, in general, UV-irradiation may activate all those membrane receptors whose activation requires aggregation/ multimerization (Rosette and Karin, 1996) . Fas, DR3, DR4 and DR5 are the other death membrane receptors that belong to TNFR family (reviewed by Nagata, 1997) . TNFR1 and Fas are the membrane death receptors that are known to relay apoptotic signals via FADD (reviewed by Nagata, 1997) . UV-induced ligand independent aggregation-mediated activation of Fas has recently been reported (Rehemtulla et al., 1997; Aragane et al., 1998) . In MCF-7 cells that express TNFR1 but do not express functional Fas (Keane et al., 1996) , the ability of FADD-DN to partly inhibit UV-induced apoptosis, as we noted in the present study, highlights the individual contribution of TNFR1. Thus the apoptotic axis of TNFR1 contributes to UV-mediated apoptotic signals even when the role of Fas is excluded.
To what extent do the membrane death receptors DR3, DR4 and DR5 play a role in UV-induced apoptosis is an issue that remains unclear at the present time. The expression of DR3 is restricted to Figure 6 UV-irradiation-induced or UV+TNFa-induced apoptosis in the vector-transfectants and FADD-DN, CrmA, caspase 8-DN and caspase 10-DN transfectants. Cells were exposed to indicated doses of UV-irradiation in the presence or absence of TNFa (5 ng/ml) and approximately 24 or 48 h later processed for apoptosis detection. The plotted values represent the means+s.e.m. of three independent experiments cells of lymphoid lineage (Chinnaiyan et al., 1996b) while DR4 and DR5 are ubiquitously expressed by almost all cell types (Pan et al., 1997; Sheridan et al., 1997; MacFarlane et al., 1997) . The H1299 and MCF-7 cells used in this study do express DR4 and DR5 mRNA (Sheikh et al., 1998) . Most studies have shown that FADD does not interact with DR4 and DR5 (Pan et al., 1997; Sheridan et al., 1997; MacFarlane et al., 1997) . The apoptotic signals from these as well as from the other known death receptors converge on caspase 8 (reviewed by Nagata, 1997; Pan et al., 1997; Sheridan et al., 1997; MacFarlane et al., 1997) . Perhaps this might also explain why caspase 8-DN and CrmA were more potent than FADD-DN in inhibiting UV-induced apoptosis (see Figure 4) . However, due to the unavailability of the antibodies to these receptors we cannot formally address their involvement in UVinduced apoptosis at the present time. The role (if any) of the non-receptor pathway involving apaf1 and caspase 9 in UV-induced apoptosis is another issue that requires further investigation.
Herlich and colleagues (Radler-Pohl et al., 1993) have previously proposed that a rapid transfer of nuclear signal(s) following UV-induced DNA damage might account for the reverse¯ow of information from nucleus to plasma membrane and may explain the UV activation of cytoplasmic c-Raf-1. In a study conducted by Karin and colleagues (Devary et al., 1993) , UV activation of cytoplasmic NF-kB was demonstrated to occur in the enucleated cells. The later ®ndings, therefore, discount the role of nuclear DNA damage as a trigger in some of the UV-mediated actions. UV could engage the apoptotic axis of TNFR1 directly at the membrane or may require an intranuclear signal generated by DNA damage. To address this issue we used IR cisplatin and melphalan; IR causes DNA double strand breaks whereas cisplatin and melphalan are the UV-mimetic agents.
IR-induced apoptosis was not blocked by CrmA or the dominant negative versions of FADD, caspase 8 or caspase 10. Thus, in p53 null H1299 cells, the IRmediated apoptotic signals clearly dier from those of UV's in that they do not appear to engage the plasma membrane component involving FADD or the proximal caspases 8 and 10. Our results are consistent with those reported recently by Datta et al. (1997) and Rehemtulla et al. (1997) that CrmA did not block IR-induced apoptosis. Using the caspase 3 knock-out cells, Woo et al. (1998) have also recently reported that while UVinduced apoptosis was blunted in caspase 3 de®cient cells, IR-induced apoptosis was not. Taken together these ®ndings further highlight the fact that UV and IRmediated apoptotic signals dier signi®cantly.
UV, cisplatin and melphalan-induced DNA damage is repaired via the nucleotide excision repair pathway (Friedberg et al., 1995; Fan et al., 1995) . Cisplatin (Kondo et al., 1995; Sanchez-Perez et al., 1998) and melphalan (this study) can also induce apoptosis and although the underlying molecular mechanisms remain elusive, excessive DNA damage has been implicated as a trigger (Kondo et al., 1995; Sanchez-Perez et al., 1998) . As demonstrated in this study, cisplatin and melphalan also induced apoptosis in H1299 cells which con®rmed that these cells were pro®cient in cisplatin and melphalan uptake. However, the cisplatin and melphalan-induced apoptosis was not inhibited by FADD-DN and was only partially blocked by caspase 8-DN, caspase 10-DN and CrmA. Consistent with these results, cisplatin also did not stimulate TNFR1 aggregation (data not shown). Thus cisplatin and melphalan eliciting UV-type DNA cross-links engage the caspase cascade at a level distal to FADD and do not appear to activate the plasma membrane TNFR1. Taken together the ®ndings above, argue against the involvement of nuclear DNA damage as a signal for the UV-induced membrane initiated apoptotic events. The fact that cycloheximide did not block but rather potentiated UV-induced apoptosis (data not shown) indicates that new protein synthesis is also not required during UV-induced apoptosis and that preexisting apoptotic machinery is sucient to mediate UV eects. Based on our results we propose that the plasma membrane initiated events play a predominant role in mediating UV-irradiation-induced apoptosis and that UV-irradiation appears to engage the apoptotic axis of TNFR1 and perhaps those of other membrane death receptors to transduce its apoptotic signals.
Materials and methods

Cell lines and cell culture
H1299 lung carcinoma cells and MCF-7 breast carcinoma cells were regularly maintained in RPMI (GIBCO ± BRL, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (Intergen, NY, USA).
Immuno¯uorescence staining
Indirect immuno¯uorescence staining was performed essentially as described previously (Sheikh et al., 1996) . Brie¯y, cells grown on Lab-Tek tissue culture slides were exposed to UV-irradiation or treated with TNFa (Sigma Chemicals, St Louis, MO, USA) washed twice with PBS and sequentially ®xed in 3.7% formaldehyde and ice cold methanol. Cells were incubated with monoclonal anti-TNFR1 antibodies (R&D Systems, Minneapolis, MN, USA) used at 1 : 100 dilution in PBS for 1 ± 2 h at room temperature. TRITC-conjugated goat anti-mouse IgG (Pierce, Rockford, IL, USA) was used a secondary antibody and photomicrographs were generated using a digital camera mounted on an Olympus AX 70 microscope.
Analysis for apoptosis
Cells growing in six well plates were either left untreated, exposed to UV-irradiation (in 260 nm range), ionizing radiation ( 137 Cs), with TNFa+CHX, cisplatin or melphalan (Sigma Chemicals, St Louis, MO, USA) for 24 or 48 h. Cells were ®xed with methanol and incubated with DAPI (4'-diamidino-2-phenylindole) solution for 30 min in dark. Floating cells from each well were also ®xed and added back to the respective wells and analysed using an Olympus uorescent microscope at 420 nm. The apoptotic cells exhibiting morphologic features of apoptosis including chromatin condensation and nuclear fragmentation were counted in 5 ± 7 randomly selected ®elds. Approximately 500 ± 1000 nuclei were examined for each sample and the results were expressed as the number of apoptotic nuclei over the total number of nuclei counted.
Western blotting and immunoprecipitation
SDS ± PAGE and Western blot analyses were performed as previously described (Sheikh et al., 1996) . Anti-CPP32 monoclonal antibodies were purchased from Transduction Laboratories (Lexington, KY, USA) whereas anti-caspase 8 and anti-PARP monoclonal antibodies were obtained from Pharmingen (San Diego, CA, USA). Antilamin B1 monoclonal antibodies were purchased from Calbiochem-Oncogene Science (Cambridge, MA, USA).
Stable transfection
The following expression vectors were used to generate the stable transfectants: the pcDNA3-FADD-DN, pcDNACrmA (both kindly provided by Dr V Dixit, University of Michigan, Ann Arbor, MI, USA), pcDNA3-Mch5b (C-A) and pcDNA3-Mch4 (C-A) (both a generous gift of Dr Emad Alnemri, Jeerson Cancer Center, Philadelphia, PA, USA). All of these expression vectors carry the respective inserts under the control of CMV promoter; pcDNA3-FADD-DN encodes the N-terminal deleted dominant negative version of FADD while the pcDNA3-Mch-5b (C-A) and pcDNA3-Mch4 (C-A) code for the dominant negative versions of caspase 8 and caspase 10 respectively. The same expression vector without the inserts was used for control transfection.
The H1299 cells plated at a density of 1610 5 cells/100 mm plates were transfected with the appropriate expression vector using calcium-phosphate method as described previously (Sheikh et al., 1994) . MCF-7 cells were transfected using Lipofectamine reagent (GIBCO ± BRL, Gaithersburg, MD, USA) per manufacturer's instruction. Selection was carried out in G418 (600 mg/ml for H1299 cells and 500 mg/ml for MCF-7 cells) and the resistant colonies were selected after approximately 4 weeks. Several isolated clones of each type were pooled and used for further analyses. All stable transfectants were analysed for the expression of exogenous molecules by Northern blotting. RNA extraction and Northern blot hybridizations were performed as previously described (Sheikh et al., 1998) . The cDNA inserts, excised from the respective expression vectors, were used as probes in Northern hybridizations.
